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Abstract: This paper presents a probabilistic design of a power system stabilizer (PSS) for doubly-fed induction generator 
(DFIG) converter and investigates its potential capability in mitigating the sub-synchronous control interaction (SSCI) under 
multi-operating points of. The aim is to improve the probabilistic sub-synchronous stability of the system with wind farm 
penetration. In this paper, Participation Factors (PFs) are obtained to identify the SSCI strong-related state variables and 
major control loops, which are used for the preliminary siting of the DFIG-PSS. Probabilistic sensitivity indices (PSIs) are 
then employed for accurate positioning of the PSS, selecting the input control signal and optimizing the PSS parameters. 
The effectiveness of the proposed approach is verified on a modified two-area power system. 
Keyword: Doubly-fed induction generator (DFIG), sub-synchronous control interaction (SSCI), multi-operating points, 
probabilistic sensitivity index (PSI), power system stabilizer (PSS). 
1. Introduction 
As an effective means of power production, wind power 
has rapidly expanded under environmental pressures in 
recent years. Since places with abundant wind resources are 
generally remote from load centers, series compensated line 
provides an effective and economic solution for improving 
power transfer capability.  
However, sub-synchronous control interaction (SSCI), a 
newly experienced oscillation phenomenon, has been 
introduced by wind farm interconnected with the series 
compensated electrical network [1][2]. With the increasing 
employment of DFIG wind turbines, the SSCI issues will put 
tremendous challenges to the reliable operation of wind 
farms. Therefore, SSCI analysis and its mitigation have been 
and will continue to be interested topics in the power system 
dynamic field which have gained significant attention in 
recent years. 
At present, a great deal of efforts have been devoted to 
the SSCI. In [3] and [4] based on small-signal eigenvalue 
analysis, several selected scenarios with fixed wind speed in 
the range of 7m/s to 12m/s are taken into account to analyze 
the impact of wind turbine output on the oscillation modes. 
Their work verifies that the variations of the wind farm 
output, i.e. system operating conditions, are able to exert an 
impact on the sub-synchronous modes. In [5], frequency 
scan method is combined with small signal eigenvalue 
analysis to analyze the impact of the converter PI parameters 
on sub-synchronous modes. However, no effective measures 
are proposed in [3]-[5] to mitigate the SSCI. 
Various countermeasures in SSI mitigation are reported 
in [6]-[18] which can be summarized into two categories: 
one is employing Flexible AC Transmission Systems 
(FACTS), such as static var compensator (SVC) and static 
synchronous compensator (STATCOM), whose capability 
have been explored in [7]-[8]. The other one is based on the 
modification of wind turbine control system, including 
adjusting converter parameters [9] or installing a 
supplementary damping controller [14]. The latter solution is 
more suitable from an economic point of view for avoiding 
considerable installation costs. 
References [6] and [10]-[13] have demonstrated that 
modification of wind turbine control system is an effective 
and economic way to mitigate SSCI. The practice of adding 
a damping controller integrated to the rotor-side converter 
(RSC) is discussed in [11]. Reference [12] attempts to 
choose the optimum location through comparing different 
deterministic scenarios so that damping controller is 
installed at all possible points within the RSC and GSC 
controllers. However, in [6], the mitigation focus is shifted 
to GSC because RSC is not suitable for exploring SSR 
mitigation according to [15][20]. It is well known that the 
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grid-side converter (GSC) of DFIG has a similar topological 
structure to STATCOM and it is expected to be able to 
provide better sufficient damping capability through 
installing a supplementary damping controller to the 
converter [6][10].  
All the damping controllers mentioned in [6], [10]-[13] 
are designed at the pertinence of a certain condition so that 
there is a potential possibility that the damping controllers 
may fail to be applicable for other operating points. It is 
worth noting here that the varying of the system operating 
conditions is expected to exert an influence on the analysis 
and mitigation of the SSCI Error! Reference source not 
found.[4]. The ability of power converter of DFIG when 
random factors are taken into account has scarcely been 
investigated up to now. :KDW¶V PRUH IRU damping 
FRQWUROOHU¶s location, its input control signal and parameter 
setting, the existing practices are generally time-consuming 
and lack of a definite quantity index. In [16], three types of 
RSC with different input signals are compared with respect 
to the SSCI performance, based on impedance methods. And 
the best of three turns out to be the final choice of input 
signals. In [6], different locations and input signals are 
compared using the residue-based analysis and root locus 
diagrams to determine the best selection. Apparently, this is 
time-consuming even under a single operating condition and 
lacks a definite quantity index. Once multi-operating points 
are taken into consideration, the computing will become 
tremendously cumbersome. Moreover, very few studies have 
been done in terms of the optimization of damping controller 
parameters up to now. 
The major contributions or innovations of this paper are 
summarized as follows. Taking into account the stochastic 
fluctuation of the wind farm output, the synchronous 
generators output and load, SSCI issues are investigated by 
probabilistic approach. That is to say, the influence of multi-
operating points of a power system on SSCI is involved in 
this paper [4]. The damping controller in this paper, i.e., the 
PSS supplemented to the DFIG converter (DFIG-PSS) is 
designed in probabilistic environment to achieve the purpose 
of suppressing SSCI at different operating points of the 
system. What is different from the existing methods is that 
quantitative indices are used as a reference in this paper to 
make the design process more efficient in a directed effort 
[6][16]. Probabilistic sensitivity index (PSI) is utilized to 
select the site and the input control signal as well as to 
optimize PSS parameters for better probabilistic sub-
synchronous stability. 
The organization of this paper is as follows. In section 2, 
different SSI types that may occur in wind farms are briefly 
described, SSCI mechanism related to the DFIG converter is 
explained in detail. The probabilistic eigenvalue and its 
probability distribution function expression and PSIs of the 
eigenvalues are formulated in Section 3. The whole process 
of SSCI mode identification and its mitigation with DFIG-
PSS is presented in Section 4 and 5. The SSCI mode is 
identified and analyzed based on a modified five-machine 
two-area power system in Section 4. In Section 5, a DFIG-
PSS is designed and validated under multi-operating points 
in five steps: a) selecting the optimum placement, b) 
choosing the optimal input signal, c) determining the 
parameter settings, and d) optimizing the parameters for 
probabilistic sub-synchronous stability enhancement, e) 
comparing the proposed probabilistic controller and a 
controller designed with the general small signal method. 
Finally, conclusions are drawn in Section 6.  
2. Sub-Synchronous control interaction 
2.1. SSI with Wind Farm integrated 
 
SSI is a generally umbrella term that defines energy 
exchanges between two power system elements at one or 
more natural frequencies below the power frequency, which 
can be divided into three categories shown in Fig.1 
according to the different elements of the wind turbines 
involved [17], namely, Sub-Synchronous Torsional 
Interaction (SSTI), Sub-Synchronous Resonance (SSR),  and 
SSCI. 
 
sub-synchronous interaction 
(SSI)
sub-synchronous control interaction (SSCI)
sub-synchronous resonance (SSR)
sub-synchronous torsional interaction (SSTI)
c
c
 
Fig. 1.  Classification of SSI with wind turbine integrated. 
SSR is a resonant phenomenon related to energy 
exchanges which result from an interaction between the 
mechanical system of a turbine generator and an electrical 
resonance transmission system formed by series capacitor 
and effective impedance [17][18]. SSTI is a condition where 
an interaction occurs between the wind turbine drive-train 
and the power electronic controller which would be found in 
the HVDC transmission system, FACTS devices and 
mechanical mass system of a generator [19]. Low shaft 
stiffness of wind turbine drive-train leads to a low torsional 
natural frequency in the range of 1-3 Hz [6], but SSTI rarely 
occurs because it requires a very high level of series 
compensation to excite [20]. 
 
2.2. Sub-Synchronous control interaction with DFIG 
 
SSCI takes place as a result of an interaction between the 
series-compensated electrical network and power electronic 
devices [1], such as the DFIG-based wind turbine controllers.  
The block diagram of DFIG converter controllers and 
cascaded control loops are shown in Fig.2. 
Where, subscripts s, r, g, d, q represent stator, rotor, grid, 
d-axis component, q-axis component and corresponding 
reference value respectively. P, Q, V, i represent active, 
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reactive power, voltage and current respectively. vdc 
represents dc-link capacitor voltage. 
GSC
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Fig. 2.  The control structure of the DFIG-based wind farm 
integrated to the grid. 
 
 The principle of DFIG-based wind turbine controllers 
participating in SSCI is depicted as follows. 
As shown in Fig.2, RSC operated in the stator flux 
reference frame is responsible for regulating the active and 
reactive power of DFIG stator independently. When series 
compensated line has current disturbances at frequency of 
Zn, sub-synchronous components of dq axis of stator 
currents qs subi '  and ds subi '  at the complementary 
frequency Zs-Zn will be induced, Zs is the electric 
fundamental frequency. qs subi ' and ds subi '  cause the 
fluctuation of the active power sP'  and voltage sv'
respectively. sP'  and sv'  are inputs of the converter control 
loops into the RSC control system. Rotor currents variation 
of dq axis qri'  and dri' are produced through PI control 
loops and cause the voltage variation qrv'  and drv'  as is 
shown in Eqs. (1) and (2) respectively. GSC adopted voltage 
oriented vector control strategy aims to regulate the dc-link 
voltage and reactive power of the DFIG GSC [13][21]. 
Instantaneous power collected by the GSC is bound to be 
changed when sub-synchronous currents flow through the 
stator side, GSC voltage and current of dq axis qgv' , dgv' , 
qgi' , and dgi'  are also changed as shown in Eqs. (3) and (4) 
respectively. Rotating magnetic field formed by sub-
synchronous current components of stator side cuts the rotor 
windingsˈsub-synchronous currents at a frequency Zr-Zn 
will be induced in the rotor windings, which makes further 
impact on the RSC control system. In Eqs. (1) to (4), RSC 
and GSC contain seven sets of proportional and integral 
coefficients Kp and Ki, x1~x7 are defined as the state 
variables in the converters, which represent the outputs of 
the integrator.  
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The mutual excitation between DFIG converters and 
series compensation circuits produces the SSCI, as shown in 
Fig.3. Impacts on the RSC came from two sides are able to 
jointly react on the rotor windings. After Park 
transformation, the sub-synchronous voltage components of 
d axis and q axis dr subv ' and qr subv ' are then imposed on 
the rotor windings, as a result, new rotor current components 
will be exerted and further induced to the stator side, which 
help to increase the positive feedback of the initial 
disturbance currents under sub-synchronous frequency.  
subi'
sP'
 sv'
dr subi '
qr subi '
dr subv '
qr subv '
nZ
( )s nZ Z
( )r nZ Z
( )s nZ Zdr sub
i '
qr subi ' ( )s nZ Z
ds subi '
qs subi ' ( )s nZ Z
 control system
  of RSC
 
Fig. 3.  Schematic diagram of the SSCI. 
3. Probabilistic method for SSCI 
Noting that SSCI is not related to the intrinsic frequency 
of the drive-train [19], yet it depends not only on the 
controller parameters of the DFIG converters but also on the 
system operating points [17].  
In order to analyze and mitigate the SSCI under muti-
operating points. A probabilistic method is utilized to deal 
with the changes of nodal power injections caused by 
various kinds of random factors such as loads, output of 
ZLQG IDUP DQG V\QFKURQRXV JHQHUDWRUV %DVHG RQ DXWKRUV¶
former work [22]-[24], the probabilistic methods are applied 
to load flow and eigenvalue calculation.  
The objective of this section is to determine the 
probability distribution of system eigenvalues and the 
probabilistic sensitivities of eigenvalues on DFIG converter 
parameters, which would be used for identifying SSCI 
modes and designing the damping controller.  
 
3.1. Probabilistic eigenvalue expression and its 
distribution 
 
7
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A pair of particular complex eigenvalues Ok=DkrjZk in 
the system represents an oscillation mode, the real part Dk is 
the damping constant, and the imaginary part Zk indicates 
the oscillation frequency, which can be applied for 
identifying the SSCI modes. 
An eigenvalue Ok of the state matrix A of the linearized 
SRZHU V\VWHP¶VG\QDPLFHTXDWLRQVFDQEHH[SUHVVHGDV WKH
nonlinear function Z of the nodal voltage vector V. 
( )k kZ VO                                     (5) 
where nodal voltages are defined in rectangular coordinates. 
In an N-node system, V contains 2N components as 
T
1 2 2[ ,  ,  ... , ]NV V V V when real and imaginary parts are 
described separately. 
Eq. (5) can be expanded using the approximate Taylor 
series at the vicinity of the expected value of voltage with up 
to third-order and higher order terms are neglected, 
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The excepted value of the eigenvalue is, 
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where ,i jV V i jC V V ' ' is covariance between the nodal 
voltages, the expectation operator is denoted by (.) .  
The covariance between the eigenvalue can be obtained 
by ,i jV VC according to Eq. (8). 
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( kJ , kF ) is indicative of any one of the combinations of kD
and kZ , i.e., ( kD , kD ), ( kD , kZ ), ( kZ , kD ), ( kZ , kZ ).  
Standard deviation of the real part 
kDV is square root of 
the variance. 
,k k k
CD D DV                                  (9) 
The damping ratio k[  can be calculated by Eq. (10). 
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k
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Standard deviation of k[  is derived by using Eqs. (11) 
and (12). 
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'
kD  and 'k[  are defined separately as the extended 
damping coefficient and damping ratio respectively. 
cD and 
c[  are the corresponding acceptable thresholds. The upper 
limit
cD is selected as 0 to guarantee the eigenvalue 
distribution located on the left half-plane of the complex 
plane, and the lower limit c[  is chosen as 0.1 to ensure the 
dynamic performances of the system [23][24].  
' 4kk k cDD D V D  d                          (13a) 
' 4k k ck [[ [ V [  t                          (13b) 
A hybrid algorithm combining central moments and 
cumulants with Gram-Charlier series expansion is applied to 
obtain the probability density function (PDF) as expressed in 
Eq. (14) [25]. The probability of damping constant less than 
0 and the probability of damping ratio more than 0.1 can be 
obtained by integral of PDF according to Eq. (15), which are 
treated as two performance indices for the assessment of 
probabilistic characteristics of the power system.  
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where f (ȝk )is PDF of the ȝk, N(x) is PDF for the standard 
normal distribution, Ȗj (ȝk) (j = 3, 4, 5) is a j-order cumulant, 
kV is the standard deviation of the ȝk, and x is the variable 
standardized by Eq. (16). 
,     k k c kc
k k
x x
P P P P
V V
                    (16) 
when ȝk equals Įk and ȟk respectively, the probability of 
damping constant and damping ratio can be obtained by Eq. 
(15). 
 
3.2. Probabilistic sensitivity indices 
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The effect of a parameter Ʉ on both '
kD  and 'k[  are 
defined as probabilistic sensitivity indices (PSIs) [24], which 
can be used to design the DFIG-PSS under multi-operating 
conditions. PSI indicates the impact of converter parameter 
on the eigenvalue when Ʉ is chosen as PI parameter of the 
converter, giving guidance to the selection of site and input 
signal of the PSS. When Ʉ is the PSS parameters, PSI can 
provide effective information for the adjustment and 
optimization of the parameter for improving the probabilistic 
stability of the system [26][27].  
'
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4 k
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3.3. The whole process of SSCI analysis and 
mitigation 
 
By applying the proposed probabilistic method, the whole 
process of SSCI identification and mitigation is illustrated as 
follows. 
 
Building the whole system 
model with DFIG-based 
wind farm integrated by 
series compensated 
transmission lines
Probabilistic load flow
Formation of the state matrix A, calculation of 
probabilistic eigenvalues, participation factors and PSIs
SSCI mode 
identification based on 
participation factors 
SSCI mitigation based on PSIs 
under multi-operating points, i.e., 
probabilistic DFIG-PSS design
 Data input of multi-
operating points  
 
Fig.4.  The  process of probabilistic SSCI mitigation. 
4. SSCI identification and analysis using 
probabilistic method  
4.1. Test system 
 
The five-machine two-area test system in Fig.5(a) is 
modified from a typical two-area system integrated with a 
DFIG-based wind farm [28]. The collective behavior of a 
group of wind turbines in the wind farm is represented by an 
equivalent lumped wind turbine G5, which represents the 
aggregation of 80 DFIGs, each one has a power rating of 
1.5MW [6].  
 
Load2
G4
Load1
12
G1
G2
G3
13 14
151 2 3 4 5 6 7
Area 1
G5
Series compensated line
Area 2
810 911
 
(a) 
 
(b) 
Fig.5. (a) A five-machine two-area system with wind farm 
integrated. (b) The standardized daily operating curves of 
the generators and loads. 
G5 is connected to the power system via the equivalent 
outlet transformers and 55% series compensated 
transmission lines. The parameters of DFIG and controllers 
are given in the Appendix. 
All synchronous generators are represented by a 6-order 
model [28]. The standardized daily operating curves of 
G1~G5 and load1, load2 are given in [23]. Fig.5(b) shows 
the standardized daily operating curves, which are used to 
produce 480 sets of operating points. 
 
4.2. Probabilistic analysis of the SSCI with the 
DFIG-Based Wind Farm connected 
 
Plug-in Modeling Technique (PMT) [23][24] is adopted 
to form the state matrix A of the whole system. Probabilistic 
characteristics of eigenvalues are obtained by utilizing the 
probabilistic eigenvalue method proposed in Section 3. The 
original system without wind farm integrated has a total of 
27 eigenvalues, which are all located in the left side of the 
complex plane. 
 
Table 1 Probability of the new oscillation modes with 
Wind Farm integration (no DFIG-PSS) 
mode 
Eigenvalues 
jD Zr  
Damping 
ratio[  
P{Į<0} 
(%) 
P{ȟ>0.1} 
(%) 
1 15.0098±j106.1040 0.141 47.11 45.62 
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2 -11.2386±j14.3926 0.565 65.49 55.55 
3 -1.8312±j2.8679 0.538 100 100 
4 -1.0556±j5.4197 0.191 100 100 
 
Table 1 gives the probability statistics of new oscillation 
modes which are induced by the integration of wind farm. 
According to the computational formula I Ȧʌ WKH
imaginary parts give the oscillation frequency of the modes. 
The oscillation frequency of mode 1 is 16.89 HZ, which 
belongs to the frequency range of sub-synchronous 
oscillation. It can be observed from Table 1 that the 
expectation of damping ratio is 0.141, and the sub-
synchronous mode is poorly damped. The probability of 
damping constant less than 0 (P{D <0}) and the probability 
of damping ratio more than 0.1 (P{[ >0.1}) are 47.11% and 
45.62% respectively. There is a lack of assurance of 
adequate stability. 
 
4.3. Identification of the SSCI mode 
Participation factor (PF) can be computed as shown in Eq. 
(18). It is utilized to denote the relative participation degree 
of the lth state variable on the kth mode. 
1
lk kl
lk n
ik ki
i
u v
p
u v
 
 
¦                                 (18) 
where u and v are right and left eigenvectors of A, 
respectively. 
PFs of sub-synchronous mode (mode 1) are calculated to 
identify the state variables which are associated with the 
mode, corresponding PFs of four synchronous generators are 
all zero. There are 14 state variables in the DFIG, 
representative values are listed in Table 2, where the 
dominant PFs are printed in bold. Results show that sub-
synchronous mode is closely relevant to the DFIG other than 
the four synchronous generators.  
 
Table 2 Participation factors of mode 1 
ǻYdc ǻ[1 ǻ[2 ǻ[5 
0.53ğ22° 0.11ğ-71° 0.02ğ-136° 0.023ğ-74° 
ǻ[7 ǻV ǻȦt ǻșt 
0.52ğ-15° 0.59×10-2ğ120° 0.83×10-6ğ-102° 0.52×10-5ğ82° 
 
It can be observed that the participation of rotating speed 
GHYLDWLRQ RI ZLQG ZKHHO ǻȦt and torsional angle deviation 
ǻșt are relatively low, and are almost close to zero, which 
verifies that state variables associated with the wind turbine 
drive-train do not participate. Since the state variables of 
voltage deviation across the dc-OLQN ǻvdc and 7x' in the 
current control loop of GSC in Fig.2 have the largest PF, 
mode 1 is strongly relevant to the converter, and so it is 
identified as the SSCI mode. PF can be used as a preliminary 
location index to narrow down the range of adding DFIG-
PSS. The focus is on GSC of the wind turbine, rather than 
RSC. 
 
4.4.   PSI of the SSCI mode 
 
PSIs have been calculated in Table 3 to represent the 
sensitivity degree of PI parameters or state variables on the 
SSCI mode, and indicate how much substantial influence of 
the parameters or state variables on the SSCI mode and to 
lay the foundation for designing the DFIG-PSS. 
 
Table 3 PSI corresponding to the PI converter 
parameters/ state variables 
parameter value PSI 
state 
variable PSI 
Kp1 0.6 15.03625  0.000024 
Ki1 80.4 -0.09998  0.000089 
Kp2 0.27 -66.0485  0.491103 
Ki2 5.1 0.62862  0.034573 
Kp3 1.48 0.00000  -0.01826 
Ki3 219 0.00000 3x'  0.00000 
Kp4 0.27 13.22486 4x'  -0.006240 
Ki4 5.1 0.01820 5x'  0.006637 
Kp5 0.012 50.9455 6x'  0.000000 
Ki5 0.054 -37.5823  0.494977 
Kp6 1.2 0.00000 s'  -0.002900 
Ki6 131 0.00000 tZ'  0.000000 
Kp7 1.2 -61.0965 tT'  0.000001 
Ki7 131 -0.00306 E'  0.000000 
 
The dominant PSIs (bold print) show that Kp has a greater 
contribution than Ki. The SSCI mode is susceptible to Kp2 of 
the RSC and Kp7 of the GSC respectively. Negative symbol 
of PSI illustrates that probabilistic stability of the SSCI 
mode will be improved when Kp2 or Kp7 is decreased. The 
36,VRIWKHVWDWHYDULDEOHVVKRZWKDWǻvdc and 7x'  with high 
degree of participation in the SSCI mode also have large 
values of PSIs.  
'
qE'
'
dE'
1x'
2x'
7x'
dcv'
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SSCI mitigation by optimizing the PI parameters of the 
converter control system can avoid sub-synchronous 
instability. However, the mitigation effect depends on the 
specific tuned controller from the manufacturers. In addition 
this method may deteriorate the DFIG control bandwidth 
and make it more difficult to fulfill the fault-ride-through 
requirements [17]. It is important to consider both the 
original control performances and the effect of the SSCI 
damping. Consequently, an additional DFIG-PSS is an 
efficient approach to provide sufficient damping for 
mitigating SSCI. 
5. Probabilistic method based DFIG-PSS design 
Compared with mechanical oscillations, those SSCI 
oscillations that belong to purely electrical interactions build 
up quickly. And the system will suffer instability in the 
absence of any effective controls. DFIG-PSS can be utilized 
to offer sufficient additional damping for  the SSCI. DFIG-
PSS selection is considered in the aspects of optimal 
location, proper input signal and optimum parameters by the 
probabilistic indices obtained in section 4. 
 
5.1.  Selection of DFIG-PSS location  
 
The main objective of this section is to utilize PFs and 
PSIs obtained in Table 2 and 3 for location selection of the 
DFIG-PSS. The value of and PSI of 7x'  and Kp7 and PF of 
7x' in the GSC current loop is large, and hence DFIG-PSS 
supplemented in this loop has the optimal control 
performances when compared to other places. The output of 
the DFIG-PSS is injected to the summing junction before the 
PI regulator of the inner control loop, and as such the 
potential of DFIG converter is used for SSCI mitigation. The 
model is shown in Fig.6(a). 
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Fig. 6. (a) GSC controller with DFIG-PSS injected. (b) 
Module of DFIG-PSS.  
5.2. Input control signal selection of the DFIG-PSS 
 
In this section, four electrical quantities associated with 
the oscillations are employed respectively as the input 
FRQWURO VLJQDO LQFOXGLQJ DFWLYH SRZHU GHYLDWLRQ ǻPs, line 
FXUUHQWGHYLDWLRQǻIlURWRUDQJXODUVSHHGGHYLDWLRQǻȦ, and 
dc-link YROWDJHGHYLDWLRQǻvdc [18][29]. PSIs corresponding 
to the above feedback signals are listed in Table 4. As 
HYLGHQW IURP7DEOHǻvdc has the highest value of PSI as 
compared to other three signals and is selected as the most 
applicable stabilizing signal of the DFIG-PSS. 
 
Table 4 PSI corresponding to the input control signal 
input 
signal 
ǻPs ǻIl ǻvdc ǻȦ 
PSI 0.19602 0.11645 0.49110 0.21556 
 
5.3.   DFIG-PSS initial parameter settings 
 
The structure of the DFIG-PSS is shown in Fig.6(b), 
which is made up of a gain block, a signal washout block 
and a phase compensation block, s denotes the differential 
operator. 
DFIG-PSS parameters cover the gain KPSS, the washout 
time constant Tw, and the lead/lag time constants T1/T2. 
Initial parameters settings are of paramount importance. The 
DFIG-PSS may not produce the expected performance if the 
values are inapproSULDWH366¶VJDLQLVGHWHUPLQHGE\36,RI
residue index (RI) [24]. For the washout, Tw is equivalent to 
10s so as to allow oscillatory signals in the input to pass 
through without changing [30]. The initial time settings are 
estimated by phase compensation principle [27]. With the 
initial parameters listed in (19), homologous probabilistic 
characteristics are shown in Table 5. 
KPSS=10.4, Tw=10s, T1=0.360s, T2=0.100s       (19) 
 
Table 5 2VFLOODWLRQPRGHVZLWKǻYdc as input signal 
mode 
Eigenvalues 
jD Zr  
Damping 
ratio[  
P{Į<0} 
(%) 
P{ȟ>0.1} 
(%) 
1 57.4285±j91.5416 0.532 51.94 51.57 
2 11.3356±j16.3831 0.569 65.51 55.55 
3 -1.8312±j2.8679 0.538 100 100 
4 -1.0557±j5.4197 0.191 100 100 
 
5.4. Parameters optimization of the DFIG-PSS 
 
The suppression effect of the DFIG-PSS can be improved 
through trial adjusting of the gain and lead/lag time 
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constants repeatedly. The optimization procedure discussed 
in this section can reduce the computational effort. 
The relation between the concerned eigenvalues and 
adjustable parameters of the PSS is represented. 
'
k
D J PD'  '                              (20) 
where real vector D collects all the damping constants, 
and parameter vector P consists of KPSS, T1 and T2. J is a 
probabilistic sensitivity matrix formed from associated PSIs 
computed by (17), providing a guidance for the elements of 
P that endeavor to improve the damping. Parameters are 
adjusted repeatedly starting with the initial values listed in 
(19) to improve the corresponding eigenvalues in D by (20), 
until all the damping constants satisfy the requirements in 
(13). 
The final parameters settings are: 
 KPSS=12.5, Tw=10s, T1=0.217s, T2=0.106s        (21) 
The corresponding probability statistics of oscillation 
modes with optimized PSS are obtained and are shown in 
Table 6. Compared with Table I without DFIG-PSS, the 
system probabilistic stability is much improved. From the   
results it is clear that the expectation of damping ratio of the 
SSCI mode is significantly improved, and the probability of 
it more than 0.1 achieves a large increase. The stability 
probability of real part less than zero reaches 100%.  
 
Table 6 2VFLOODWLRQPRGHVZLWKǻvdc as input signal 
with optimized DFIG-PSS parameters 
mode 
Eigenvalues 
jD Zr  
Damping 
ratio[  
P{Į<0} 
(%) 
P{ȟ>0.1} 
(%) 
1 152.711±j148.1262 0.718 100 99.12 
2 -11.3663±j16.2651 0.572 65.57 55.56 
3 -1.8299±j2.8687 0.538 100 100 
4 -1.0557±j5.4197 0.191 100 100 
 
Low frequency oscillation modes are insensitive to the 
supplementary DFIG-PSS. The variation tendency of the 
SSCI mode with and without the DFIG-PSS is described in 
Fig.7. It is observed that the expectation of the real parts of 
SSCI mode with proposed DFIG-PSS move further away 
from the imaginary axis to the left which demonstrated the 
enhancement of the probabilistic sub-synchronous stability 
of the SSCI mode. 
 
 
Fig. 7.  Probability distribution of the oscillation modes. 
 
 
(a) 
 
(b) 
Fig. 8.  Probability density curves of the SSCI mode. (a) 
Real parts (b) Damping ratio 
 
Probability density function can be drawn by using Eq. 
(14), and Fig.8(a) depicts the PDF of the real parts of the 
SSCI mode with and without the DFIG-PSS, and the PDF 
curve becomes scattered with the wind farm. The real parts 
of the SSCI mode without PSS have more than half of the 
probability in the right hand side, where the mode is 
unstable. When well designed DFIG-PSS is implemented, 
the PDF curve moves to the left and the probability becomes 
more concentrated, probabilistic stability of SSCI mode is 
prominently enhanced.  
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Fig.8(b) describes the PDF of the damping ratio of the 
SSCI mode with and without the DFIG-PSS, nearly the half 
probability of the damping ratio for the system with wind 
farm without DFIG-PSS has a negative value, which is 
indicative of positive real parts of the eigenvalues that would 
lead to system instability. The probability of damping ratio 
with DFIG-PSS concentrates upon the range from 0 to 1. 
The superior performance of the proposed DFIG-PSS and 
the SSCI suppression effect are verified. 
 
5.5. Comparison with small signal method 
 
The biggest difference between the mitigation method 
proposed in this paper and current methods lies in the fact 
that muti-operating points of the system are taken into 
account. The damping controller is designed based on the 
probabilistic method so as to satisfy the mitigation 
requirements under multi-operating conditions of the system.   
To validate the proposed method, a comparison is made 
between the proposed probabilistic damping controller and 
the controller designed with the general small signal method. 
For the convenience of comparison, the proposed 
probabilistic sub-synchronous damping controller (i.e., the 
DFIG-PSS) is named as PSSDC and the damping controller 
designed with the general small signal method is named as 
GSSDC. In the general small signal method, residue-based 
analysis and root locus diagrams are applied for designing 
the GSSDC, of which the detailed model is presented in [6]. 
GSSDC is designed based on the operating point A listed in 
Table 7, while PSSDC is based on multi-operating points 
including the point A and B of Table 7. 
The system is tested with PSSDC and GSSDC installed, 
separately. A 55% series compensation is put into operation 
at 0.1s in both cases. SSCI performance is observed through 
the curve of DFIG electromagnetic power. The time domain 
simulation under the two different operating conditions, i.e., 
the operating point A and B, is presented as follows.      
 
Table 7 Different operating conditions of the test system 
Operating 
Point 
A B 
DFIG Output 0.8 0.5 
Synchronous 
Generator 
Output (area 1) 
G1: 1.15, G2: 1.0 G1: 0.95, G2: 0.85 
Synchronous 
Generator 
Output (area 2) 
G3: 1.02, G4: 0.98 G3: 0.95, G4: 0.89 
Load 
Load1: 1.2, 
Load2: 0.8 
Load1:1.0,  
Load2: 0.8 
Series 
Compensation 
55% 55% 
 
Fig.9(a) presents the curve of DFIG electromagnetic 
power at the operating point A. Taking the original state 
without sub-synchronous damping controller (SSDC) as a 
reference, the performance of PSSDC is compared with that 
of GSSDC on the oscillation amplitude and the speed of 
attenuation. It can be seen that a 17Hz sub-synchronous 
oscillation occurs when no SSDC is installed into the system. 
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At the operating point A, as Fig.9(a) shows, both PSSDC 
and GSSDC have played an active role in suppression of 
SSCI. Although GSSDC has a better performance than 
PSSDC, there exists no great difference.  
Fig.9(b) presents the simulation results at point B. It can 
be seen that when it comes to the operating point B, GSSDC 
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shows a poor performance while PSSDC still works well. 
GSSDC exhibits a larger oscillation amplitude and slower 
convergence. This means that the GSSDC designed with the 
general small signal method at point A is not applicable to 
point B, and the PSSDC based on multi-operating points is 
effective in mitigating oscillations in both cases. The above 
simulation results indicate that operating conditions have a 
great influence on system oscillation characteristics and the 
damping controller designed in view of a single operating 
point has its own limitations unavoidably.    
Based on the comparison between PSSDC designed with 
the proposed probabilistic method and GSSDC designed 
with the general small signal method, the effectiveness of 
PSSDC in mitigating SSCI at multi-operating points has 
been verified. The design procedure which combines the 
participation factor analysis and probability sensitivity 
indices is able to produce a versatile damping controller.  
6. Conclusions 
Probabilistic method based on numerical analysis is used 
to design a damping controller added to the DFIG converter 
to facilitate SSCI mitigation over a large and pre-specified 
set of operating points. A wide range of operating conditions 
have been considered including the random fluctuations of 
the load, the synchronous output and the wind farm output. 
The simulation results based on a modified two-area system 
have shown that the SSCI issues may occur while DFIG-
based wind farm are connected to the power system through 
series compensation line. The sub-synchronous modes are 
identified and analyzed through modal analysis method. 
Two quantitative indices, (i.e., the participation factor and 
the probabilistic sensitivity index) have been investigated for 
designing the DFIG-PSS in the aspects of input signal, 
location and optimized parameters. To validate the proposed 
method, a comparison is made between the proposed 
probabilistic controller and the controller designed with the 
general small signal method. Probabilistic small signal sub-
synchronous stability of the system has been much improved 
with the proposed DFIG-PSS without destabilizing other 
system oscillation modes.  
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9. Appendix 
In the test system, G5 is a doubly-fed wind turbine 
generator. The block diagram of the DFIG converter 
controllers and cascaded control loops adopted in this paper 
are shown in Fig.2. The detailed parameters of G5 and the 
controllers are given in Table 8. 
 
Table 8 Parameter setting of DFIG and controllers 
Types 
Para-
meter 
Value 
Para-
meter 
Value 
Para-
meter 
Value 
Wind 
Generator 
rP  1.5 MW rV  690 V 
sR  
0.0086 
p.u 
sL  
2.2141 
p.u 
mL  
9.6044 
p.u 
rR  
0.008 
p.u 
rL  
1.9483 
p.u 
tgX  
0.65 
p.u 
Converter C  0.001F DCV  1200V 
Converter 
Controller 
 0.6  80.4  0.27  5.1 
 1.48  219  0.27  5.1 
 0.012  0.054  1.2  131 
 1.2  131  
Shaft  4.29s
 
 0.9s K  
0.15 
p.u
 
Wind 
Turbine air
U  1.225 
kg/m3
 
 4m/s 
 
 
25m/s 
 
Where 3U  and 9U  are the rated power and the rated 
voltage of DFIG, respectively; the subscripts µV¶ and µU¶ 
denote stator and rotor, respectively; /P is the mutual 
inductance of stator and rotor; ;WJ  is the transformer 
reactance connecting the converters and the grid; +W and +J 
are half of the inertial time constant of the wind turbine and 
the generator, respectively; K  is the shaft stiffness; .S and 
.L refer to the parameters of the PI links of converters. 
 
1pK 1iK
3iK
7pK
5pK 5iK 6pK 6iK
2pK
3pK
2iK
4pK 4iK
7iK
tH gH
_cut inV
_cut offV
